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Muon ratesawlmkbatbm havebeanmaaawadon
Several beam Channola●t LAMPF to dmmtdxe muon
production horn the primary target mlrface or adjacent
vdumo. To PHI&MO t~ “surface” or “cloud”benma, the
channel ia tuned to accept beam directly from the targeL
The mmumrementa rang~ tim 20-200 MaV/c in muon
momentum at production anglee of 20, 45, and 65°. Both
p+ and p- ratea, and p+ polarization were meaeumd. fiur-
face beam polatixation is clues to 100%,while cloud beam
polarization is km The surhca p+ rati dependence upon
proton beam depth in tho target was studied.

1. ~ODUCTION

A beam channel tuned for delivery of low-momentum
piona wil) also deliver a substantial muon flux tlom pion
decays in or near the pion production target. Surface
muon bearnG fkornu+ meeona stopping and decaying in
the ~ et surfhca, haVObeen recently developed and
used. ‘Ph Section Ii we report owrnte atudiea of both eur-
fiwo and cloud beams at LAMPF. In Section III the rates
are mdwed to ohaee-qmce deueitias, giving a common
baais for compariaoM and predic~ionsof chanmd perform-
ance. The muon polarization data are given in Section IV.
Reference 3 providea a detailed analyms of d- muon
beam acme characteristics, and more comparieona with
conventional rnuou beama.

11. MEASURED RATES

TIMLow-Energy Phm Channel (LEP) wax chwwn to
etudy direct u prdxtion in detail because the channel
angular acceptance AfZand momentum bite Ap can be
controlled and the optice is relatively well understood. Ln
addition, the short channel length of 14 m perm:te a
measurable pion flux to be delivered at low energies (err =
7.8 m = decay length for P* = G). The LEP chaunel jaws
were eat for 1% momentum biti and 10-rnsr accepance,
both well within the full-channel lirnita.

A vacuum extension to the channel contained the r-p
counters, eliminating all material between production
target and detectom. The in-vacuum apparatua oonsieted
of a 0.2S.mm acintiUator and a 1.6-mm ecintillator, both
6 cm aquam. A multiwire proportional chamber (MWPC)
wae placed on the air eide ‘a thii exit window, followed
h an absorber and a large electmm veto ecintillator. Sur-
face muons were counted by pulaa-height-idantiftcation
alone. The r rate wae negligible, and the copiow low-
ene~ protona did not penetrate to the second counter to
give a coincidence count. At higher momenta, and for
negative beame, particle identification wcs achieved by
time-of.flight (TOF) relative to the accelerator rfeignal by
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mane of special 40-na proton beam pulaa chopping. By
thie meanq TOF ie meaaured in effect from the primary
production targ~t. The pion and cloud muon ratea were
d~~:- from ~~ ~t~ the narrow timing peaks
after baclrgrmmd subt. wtiom Muorw produced by in-
charmel decays are counted ae background in this method.

The 800-MeV proton beam current 0.25 w&” was
monitomd by a secondary-emimiun foil. The pione were
produced fkom a 3-cm, 5.2-g/cm* carbon targea Figures 1
and 2 show the meaaured rataa w channel momentum p.
The piona de clcaely ae # times a decay factor, 08
expected for a charwel operated at constant percentage
momentum bite and receiving a pure phaee-space dis-
tribution (+). The cloud # rata ecake K$@dy 2S ~. The
surface ~+ rate iz 20-30 timee the cloud ~+ rate juet above
90 MeV/c. The statistical errorson the meaaured data me
mall (S3%). Systematic effects give au aatimated +5%
error on each point, and -- A1O%error on overall nor-
malization.

‘Em dependence of the surface muon rate upon proton
beam depth R beneath the target surface is ehown in
Fig. 3. Evidently the beam should be close to the target
surface to enhance stiace P+ production, as expected
because the ex~nent in the range relationship, R =UP*.”is
higher than the pion production pbee-space exponent, 1#.
The density uf etopping picne ia (dN/dR) =
(dN/dp)(dp/dR) * R-””.

At bwer channel momenta, the mesons do not effec-
tively penetrate the MWPC. The beam spot size aa
meaaumd on the wire chamber reflectz principally the
electron component, and was obeerved to be 17 mm
FWHM in the channel diapereion plane.

The + surface beam and ~- cloud beam rates www
5measured on the LAMPF Stoppad Muon Channel

(SMC) with an apparatus similar to that used on LEP.
The ratez are shown in Fig. 4 with a compark to the
ratee obtainable from a conventional P-”dMay”beam. The
spot size meaeured at 60 MeV/c was 11 cm in the channel
duperaion plane Ly 7.6 cm in the other plane.

III. ANALYSIS
The measured pion rates on LEP were convertstd to

absolute cross sections, shown in Fig. 5. The same
procedure was applied to the muon rates to give an ap.
parent croaa section; the variation of thie number with
target and channel geometry is of interest. The crcee sec.
tions are given as phaae=spavwdeneities, dlu/dp*, to reveal
departures from pure ohase-epace behavior.

Several concludona are amarent from this disr)]aw
L

2.
3.
4,

the overall normalization is in fair agraemen~ wkh
previously measured production croaasections for
low-energy piona at 730-MeV proton beam energy;
pion production scalea clcody with phase space:
cloud p’s scale with phaaa apace within &15%; and
surface ~ apparent phase-space density is actually
higher than the pion density.
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Fig. 1. Positive-beam ratee per secund on LEP (3-cm car-
bon production target; 800-MeV proton primary
beam).

Fig. 3. Surface p+ rate on LEP as a function of proton
beam Lepth beneath target edge.

The SMC data were also converted to phase-space
density and plotted in Fig. 5. The channel acceptance and
solid angle are known with less confidence for this huge-
aperture channel. Nominal figuree of 8?0 and 30 msr
produces reasonable agreement with the LEP surface
muon p~ we-space density. The SMC cloud u-’cross sec-
tions’ are 20-100% higher than on LEP.

The qualitative featurea of the muon spectra are
predicted by Eq. 20 of Ref. 3, which may be rewritten in
the form

d%Jtpj = G(dsuJdp& ,

where G is a factor containing the geometry of the second-
ary charmel. The indicated average of the pion cross sec-

-1

d 1 I 1 I I
o

J
30 80 90 120

P, MeV/c

Fig. !2. Negative-beam rates per second on LEP.
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Fig. 4. Surfnce u+ and cloud ~ - rates per second on SMC
(6-cm carbon production target ). Convention:d
“decay” benm rate is shown for comparison.

tion is over thti pian phase-space volume contributing to
the particular muon momentum p.. The data reported
here and in Ret’.5 show that du,./(p2dp) is approximately
constant, and duJd cos 0. has cn!y fnctnrmf-? vnriation
over the portion of the ir spectrum which CM contribute to
low-energy muoII prodoctior ‘he greater production of ~ -
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Fig. 5. Goss sections for pion production, and effective
cross sections for surface end cloud muon produc-
tion, (Cochran et af. = Ref. 5.)

relative to surface ~+, comparing SMC to LEP, is
presumably a result of the larger channel aperture (30 cm
vs 20 cm) in SMC. Reference 3 providea an analysis of
other factors influencing the cloud/surface ratio such as
beam dep+ in target and secondary channel angle. The
LEP production angle is 45°; SMC is at 65°. Both targets
are carbon but the shapea are different.

. Iv. POLARIZATION

The polarization of the cloud and surface ~+ beams
was measured on LEP with a “muon spin rotation” (@R)
apparatus consisting of a muon target, a Helmholtz coil,
and “left-right” electron counters.

Surface beam polarization was measured to be close
to 100Y.. (Muons produced by pion decays at rest are 100%
polarized. There is a few percent cloud contribution to the
surface beam flux and some small depolarization in the
muon target.) The cloud beam polarizations were nor-
malized to the surface beam polarization (• -1) and nre
plotted in Fig. 6. The prediction from Ref. 3 is also shown,

Clouri p polarization was also measured with the MSR
apparatus on a 20° beam line (P) at 90 and 200 MeV/c.
The observed polarizations were very 10W.

The conventional “decay” muon channel first selects
pion momentum, then muon momentum PPfrom forward
or btickward u decays. These beams will have high
polarization. fnthe cloud beam, without sel~ction of pion
momentum, both forward and backward decays con-
tribute to the muon flux, thus reducing polarization.

V. CONCLUSIONS

The data allow accurate specification of clcuti and
surfRco beam characteristics on the c!lannels studied. The
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Fig. 6. IJ+polarization meemmd on LEP. Model is Ref. 3
calculation.

potential for these beams of high stopping density is so
promising that extemive channel madiilcations are
planned or under way on F’ and SMC to enhance their
use, including a beam separator and phase-space tailoring
herdwere for SMC.

More generally, the reduction to phase-space den-
sities showa that the low-energy pion flux scalee aa phase
space in momentum and the same is approximately true
for the muons. Table I gives the ~ cross sections measured
on LEP and the range of effective u cross sections covering
both LEP and SMC. The P/r ratio of 3-9% may provide a
useful estimator of cloud muon production for new chan-
nels and other beam energies.
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TABLE H

CROSS SECTIONS FOR PION AND
DIRECT MUON PRODIJCTION FROM

800-MeV PROTONS ‘.)N CARBON

Pal title dlu/dp’, p~ . “MeV’/cS)-—— . ~ ——,
r+ (45°) 560 * 10’70
r- (45~) 197 k 10%
p+ (surface) 700 - 900
p+ (cloud) 160- 4(M)
# (cloud) 50 - 140


